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Brain function is based on a
balance of excitation and
inhibition. This is clear from
studies of diseases such as
epilepsy, where decreased
inhibitory inputs leads to massive
brain oscillatory activity [1], or
Parkinson’s disease, in which an
imbalance of excitation and
inhibition within striatal-thalamo-
cortical connections leads to
motor and cognitive impairment
[2]. An imbalance of excitation
and inhibition may underlie
several neurological diseases,
including autism [3], Tourette’s
syndrome [4] and schizophrenia
[5]. Genetic abnormalities,
including point mutations and
chromosomal rearrangements, in
loci corresponding to the genes
for the synaptic proteins
neuroligin and PSD95, are
associated with autism [6,7].
In healthy brains, a balance of
excitation and inhibition is
essential for nearly all functions,
including representation of sensory
information, cognitive processes
such as decision making, sleep
and motor control. At the cellular
level, the number and distribution
of excitatory and inhibitory inputs
onto single neurons has significant
impact on the integration of
synaptic inputs and the output
from neurons [8]. This in turn
affects circuit function and
plasticity, for instance by affecting
long-term potentiation [9] or the
stereotypic output from central
pattern generators [10]. During
development, the balance between
excitation and inhibition governs
the establishment of sensory
system projections, including the
onset of the critical period for
visual system plasticity [11].
Despite the clear importance of
balanced excitation and inhibition
in brain function, the
developmental control of this
equilibrium is unknown. Recent
studies [12–14] on the molecular
basis of excitatory synapse
formation have provided new
insights into the mechanisms
governing the balance of excitation
and inhibition in the CNS.
Synapse assembly requires
both anterograde and retrograde
trans-synaptic signaling, as well
as signaling within each
presynaptic and postsynaptic
component. But the molecular
constituents of the trans-synaptic
signaling complex have not yet
been defined. Signaling between
β-neurexin and neuroligin may
orchestrate coordinated
presynaptic and postsynaptic
development [15]. Neuroligins are
a family of postsynaptic
transmembrane proteins, which
have been shown to induce
differentiation of presynaptic
structures when expressed in
non-neuronal cells [15]. One
possibility was that this induction
could occur through interaction of
neuroligin with the presynaptic
transmembrane protein β-
neurexin, but a requirement for
this interaction in synaptogenesis
has been difficult to demonstrate
in vivo because the complexity of
the genes involved has taxed
traditional knock-out strategies.
The three recent papers [12–14]
provide strong evidence that
β-neurexin–neuroligin signaling
indeed promotes synapse
formation. The basic findings
presented in these papers are that
overexpression of neuroligins or
β-neurexin induced presynaptic or
postsynaptic differentiation,
respectively, of both excitatory
and inhibitory synaptic
components in hippocampal
neurons, while downregulating the
level of neuroligin expression by
RNA interference (RNAi) inhibited
the differentiation and maturation
of excitatory and inhibitory
synaptic contacts. 
Overexpression of the
postsynaptic density protein
PSD95, which is known to
increase excitatory synapse
formation [16], recruits neuroligin
to clusters of excitatory synaptic
proteins [14], indicating that the
trans-synaptic signaling that
occurs during synapse formation
and the establishment of a matrix
of postsynaptic density proteins
are mechanistically linked.
Electrophysiological recordings
further suggest that neuroligins
and PSD95 are important for
establishment of excitatory versus
inhibitory synapses.
Domain swap experiments
showed that the carboxyl tail of
the neuroligin NL1 induced
clustering of PSD95, but these
clusters were not aligned with
presynaptic markers, while
signaling through the
extracellular domain of NL1
induced clustering of NMDA
receptor molecules at the
synapse [13]. NMDA receptor
clustering could occur through
retrograde interaction of the
extracellular domain of NL1 with
β-neurexin followed by
transmission of an anterograde
signal, perhaps through other
interacting protein pairs such as
Ephrin–Eph B [17], to cluster
NMDA receptor molecules at
postsynaptic sites. Such a trans-
synaptic dialog would assure
coordinated assembly of aligned
presynaptic and postsynaptic
elements of the synapse in the
intact brain, and minimize the
chance of forming uninnervated
postsynaptic specializations.
The second important finding
from these papers is that
neuroligins, in particular NL2,
affect the ratio of excitatory to
inhibitory synapses. Knock-down
of NL1, NL2 and NL3, or neuronal
overexpression of NL2 (which
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Recent studies have implicated a number of membrane-associated
proteins, including the signaling pair neuroligin and β-neurexin, in
synapse formation, suggesting that they govern the ratio of
inhibitory and excitatory synapses on CNS neurons. These findings,
together with data indicating that the genes encoding neuroligin
and PSD95 are altered in autism patients, suggest that a molecular
understanding of complex neurological diseases is within reach.
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disorganizes synaptic contacts),
reduced the amplitude and
frequency of spontaneous
inhibitory synaptic currents
compared to excitatory synaptic
currents [12,13]. Furthermore,
overexpression of PSD95
increased the ratio of excitatory
to inhibitory synaptic responses
[14]. To understand these results,
it is helpful to know that
endogenous NL2 is concentrated
at inhibitory synapses [12], but
that it can also associate with
postsynaptic proteins from
excitatory synapses, including
PSD95; NL1, NL3 and NL4,
however, associate with only
glutamatergic postsynaptic
proteins [13]. PSD95 is expressed
only at excitatory synapses and,
importantly, overexpression of
PSD95 restricts NL2 to excitatory
synapses. Presumably NL2 in
inhibitory synapses binds a
scaffold protein of equivalent
function to PSD95.
Graf et al. [12] suggest that
overexpression of PSD95 tilted
the excitatory to inhibitory
balance by recruiting endogenous
NL2 from inhibitory to excitatory
synapses. This would suggest
that NL2 localization is not
sufficient to render a synapse
inhibitory, but that, in the absence
of PSD95 and in combination with
an as yet unknown PSD95-like
partner, NL2 may be sufficient to
assemble an inhibitory synapse.
This, in turn, suggests that the
elusive PSD95-like NL2 binding
partner might determine the
relative numbers of inhibitory
synapses. A model that integrates
most of the available data posits
that the relative amounts of NL2
without PSD95 at developing
synapses determines the fate of a
synapse as either excitatory or
inhibitory (Figure 1).
Despite the importance of the
β-neurexin–neuroligin signaling
pathway, it is not the whole story
in synaptogenesis. It will be
important to determine other
molecular and cellular pathways
that regulate synapse formation
and maturation. In addition to
Ephrin/EphB, mentioned above,
many other candidate
synaptogenic molecules have
been identified [15]. SynCAM, for
instance, a member of the
immunoglobulin superfamily, is
expressed both presynaptically
and postsynaptically and can
induce synapse formation in vitro
by binding to many of the same
intracellular proteins as β-
neurexin and neuroligin [15].
Investigation into the mechanisms
of action of other classes of
synaptogenic molecules, such as
the GPI-linked protein, CPG15
[18], is likely to reveal novel
signaling pathways regulating
synapse formation. It is also likely
that some cooperativity exists
between different synaptogenic
molecules.
In conclusion, expression level
and localization of neuroligins
alters the inhibitory:excitatory
balance in vitro. It will be
important to determine if changes
in expression levels of proteins
such as the neuroligins and
PSD95 alter the balance of
excitation and inhibition in vivo,
and whether this provides insight
into treatment of diseases such
as autism. Another aspect of
these studies which might be
relevant to human disease is that
the establishment of the balance
of excitation to inhibition is
sensitive to levels of neuroligin
expression. For instance, either
neuroligin overexpression or RNAi
knockdown decreased
synaptogenesis, but more modest
levels of neuroligin
overexpression were found to
promote synaptogenesis. These
observations suggest that
variations of neuroligin
expression levels, which might
occur in vivo as a result of
mutation or copy number
polymorphism, might tip the
excitation to inhibition balance in
the intact brain. Variations in this
balance might be sufficient to
change, not only local circuit
function, but also connectivity
patterns between brain regions,
leading to developmental and
behavioral deficits.
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For many decades, by far the
most important tool for visual
neurophysiologists has been the
microelectrode. When such a
microelectrode was advanced
tangentially through the visual
cortex of a higher mammal, such
as a cat or monkey, neighboring
cells were often found to have
very similar response properties.
Visual field position, preferred
stimulus orientation and direction,
ocular dominance and other
receptive field parameters were
found to change slowly and
gradually, indicating that the
visual cortex contains smooth
functional maps for these
properties. Occasionally,
however, sudden jumps for
certain stimulus features were
observed along the
microelectrode penetrations [1],
indicative of discontinuities in the
feature maps. But microelectrode
recordings alone are not well
suited for elucidating the detailed
structure of such maps,
particularly in regions with
borders or irregularities.
This situation changed when
optical imaging techniques were
first applied to the visual cortex
some 20 years ago [2–4]. Intrinsic
signal imaging — today the most
popular of the cortical imaging
techniques — exploits changes in
light reflectance of activated
cortical tissue that are mainly due
to altered blood oxygenation
levels. This technique has made
it possible to image the detailed
layout of cortical maps as well as
the spatial relationships between
different maps coexisting in the
visual cortex [4–7]. And indeed,
these studies showed that
cortical feature maps are not
always continuous: orientation
preference varies smoothly
across the cortical surface for the
most part, but in some locations
regions preferring all different
orientations meet, forming a
singularity now commonly
referred to as a ‘pinwheel center’
[4]. Similarly, largely continuous
maps for the preferred direction
of stimulus motion contain
‘fractures’, with neurons located
on either side of the fracture
responding best to movement in
exactly opposite directions [5,6]
(Figure 1).
While these studies have
considerably expanded our
knowledge on the functional
architecture of the visual cortex,
they also have their substantial
limitations. When it comes to
unraveling the fine structure of
singularities or borders in these
maps, optical imaging of intrinsic
signals fails: its spatial resolution
is just not good enough to resolve
the response properties of single
neurons. The combination of
imaging with electrode recordings
from single cells has been
employed to elucidate the fine
structure of these regions in the
visual cortex [5,8], but, the
insights from these studies
notwithstanding, this approach,
too, could not reveal the precise
anatomical location of the
recorded neurons. What was
needed was a technique that has
been the dream of
neurophysiologists all along: a
technique that allows the
simultaneous recording of the
functional properties of many
neurons together with their
precise spatial localization in the
visual cortex.
A major step in this direction
has just been made: Clay Reid’s
group [9] at Harvard Medical
School has managed to record
simultaneously the activity of
hundreds of neurons in the visual
cortex. For each of those neurons,
Ohki et al. [9] could determine its
preferred visual stimulus, and
importantly, also its exact three-
dimensional location in the visual
cortex (Figure 2). They used a
technique whose principle had
been developed by Stosiek et al.
[10]: a membrane-permeable
calcium indicator dye, in this case
Oregon Green 488 BAPTA-1 AM,
is injected into the visual cortex,
where it is taken up by the
neurons. After crossing the
membrane, the AM tail is cleaved
by unspecific esterases, and thus
the dye gets trapped inside cells.
Two-photon microscopy can then
be used to visualize the brightly
Visual Cortex: Two-Photon
Excitement
Current in vivo methods for imaging the visual cortex lack the
ability to map response properties at the level of single cells. A
new technique using two-photon imaging of calcium signals has
now overcome this limitation.
